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ABSTRACT
The reference genome sequence represents a key resource for genetic studies of the target species. In 2009, two 
reference assemblies of the cattle (Bos taurus) genome, were published (Btau 4.0 and UMD 2.0). Both assemblies were 
upgraded several times since then. Highly polymorphic major histocompatibility complex (MHC) encodes proteins crucial 
for immune recognition and regulation of immune response in vertebrates. It is characterised by extensive nucleotide 
diversity, copy number variation of paralogous genes, and long repetitive sequences. In cattle, MHC is designated as 
BoLA (bovine leucocyte antigen), located on the chromosome 23. Its organisation differs from typical mammalian MHCs. 
The structural complexity makes it difficult to assemble a reliable reference sequence of this genomic region. Therefore, 
this region represents a good genomic model region to compare the accuracy of different assembly strategies. Recent 
advances in long-read sequence technology, combined with new scaffolding technologies, enabled issuing of the new 
bovine reference genome assembly build ARS-UCD 1.2, which is significantly improved over previous bovine genome 
assembly releases. In the current study the software tool Mauve for multiple alignment of conserved genomic sequences 
with rearrangements was used to identify the differences of genomic organization in the BoLA region assembled in three 
bovine reference genomes, Btau 5.0.1, UMD 3.1.1, and ARS-UCD 1.2. Multiple alignment of the bovine chromosome 
23 sequences extracted from three genome assemblies revealed differences in the structure of the BoLA region. 
Segments encoding genes BOLA-DMA and BOLA-DQB are rearranged and inverted in the new assembly relative to the 
previous builds.
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INTRODUCTION
A reference genome sequence assembly represents 
a key resource for genetic studies of the target species. 
The field of genome assembly is constantly evolving 
(Steinberg et al., 2017). Due to the economic importance 
of domestic cattle (Bos taurus) and its fascinating abilities 
e.g. lactation and comprehensive immune system, it 
became the first mammalian livestock species to have 
its genome completely sequenced. The sequencing and 
assembly of the bovine genome began at Baylor College 
of Medicine in 2003 and has been completed in 2009 
with publishing of Btau 4.0 assembly (Elsik et al., 2009), 
representing combination of individual genomes of the 
Limousine bull Domino (BAC path) and his daughter 
Dominette (9x coverage whole genome sequence (WGS)). 
An alternative assembly of the bovine genome was built 
at the University of Maryland (UMD 2.0) using the same 
set of sequencing data generated for Baylor assembly but 
different software and assembly approach (Zimin et al., 
2009). There were significant inconsistencies between 
the two assemblies (Zimin et al., 2012), which were both 
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upgraded several times since their first release. The 
existence of two different reference genome assemblies 
impacts their use in genomic studies, including search for 
candidate genes for certain traits and genomic selection. 
The main differences distinguishing both bovine 
genome assemblies are more unassigned sequences to 
chromosomes present in Btau than in UMD (Partipilo 
et al., 2011) and the presence of Y chromosome in Btau 
assembly only. 
A comparison of two reference assemblies (Btau 
4.1 and UMD 3.1) with other sequencing data revealed 
significant differences especially in genomic regions 
with repetitive elements, such as number and size of 
some major histocompatibility complex (MHC) class 
I pseudogenes and intergenic regions (Schwartz and 
Hammond, 2015). The differences between MHC class II 
genome sequence and linkage maps were also reported 
(Takeshima and Aida, 2006). The MHC is one of the 
most dynamic genome regions. It is divided into three 
subregions (classes I, II, III) encoding genes of similar 
functions but different structures among species (Flajnik 
et al., 1999; Kulski et al., 2002). As species evolved and 
adapted to pathogenic pressures, the gene content 
and orientation of MHC regions has diverged (Kelley 
et al., 2005). It is characterized by extensive nucleotide 
diversity, copy number variation of paralogous genes, 
and long repetitive sequences. In cattle, MHC is known 
as the bovine leukocyte antigen (BoLA), and is located 
on autosome 23 (Spooner et al., 1978) and organized 
differently from typical mammalian MHCs (Childers et 
al., 2006). The large genetic distance, spanning at least 
15 cM between the two subregions of the BoLA class II 
(classes IIa and IIb), distinguishes the bovine MHC from 
those of human and mouse (Andersson et al., 1988).
Recent advances in long-read sequence technology, 
combined with new scaffolding technologies, enabled 
the new bovine reference genome assembly build. The 
new bovine assembly, ARS-UCD 1.2, was released in 
April 2018. PacBio sequences of an approximately 80x 
genome coverage were assembled de novo. Scaffolding of 
the novel assembly is based on the Dovetail Genomics 
Chicago data, BtOM1.0 optical map (Zhou et al., 2015) 
and recombination map of 59K autosomal SNPs. 
Additionally, full-length transcripts from 28 cow tissues 
were sequenced with PacBio using the Iso-Seq method 
to support improved genome annotation. According 
to the new assembly statistics, there are significant 
improvements over UMD3.1 release. The aim of the 
present study was comparison of the MHC region 
between new bovine assembly ARS-UCD 1.2 with 
previous two assemblies, Btau 5.0.1 and UMD 3.1.1.
MATERIALS AND METHODS
Three bovine reference genomes (Btau 5.0.1, UMD 
3.1.1, and ARS-UCD 1.2) were downloaded from 
GenBank server. The sequence of chromosome 23 in 
GenBank format which contains both, sequences and 
annotations, was used in the analysis. The tool Mauve 
(Darling et al., 2004) for multiple alignment of conserved 
genomic sequences with rearrangements was used to 
identify the differences of the genomic organization of 
the chromosome 23 that contains BoLA region. In the 
analysis progressiveMauve algorithm was applied (Darling 
et al., 2010)
RESULTS AND DISCUSSION
The multiple alignment of the bovine chromosome 
23 sequences extracted from three genome assemblies 
revealed differences in the structure of the BoLA 
region (Figure 1). Each genome assembly is positioned 
horizontally. Homologous segments are presented as 
coloured blocks connected across assemblies. Downward 
shifted blocks represent segments inverted relative to the 
genome selected as reference (UMD 3.1.1).
Segments encoding genes BOLA-DMA (Figure 2) and 
BOLA-DQB (Figure 3) are rearranged and inverted in the 
new assembly, relative to previous builds.
The comparison of the three bovine genome 
assemblies revealed structural differences among them in 
the BoLA region at the bovine chromosome 23. The BoLA 
region is characterised by numerous duplications and 
pseudogenes including repetitive sequence elements, 
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which makes accurate assembly of this region difficult. 
The introduction of long genomic sequences allows, in 
spite of relatively high rate of sequencing errors, more 
efficient and accurate assembling. The new assembly, 
ARS-UCD 1.2 resolves some conflicts between the two 
old assemblies (Btau 5.0.1 and UMD 3.1.1) and some 
other BoLA targeted sequencing data, which improves 
the usefulness of the new bovine reference genome for 
functional genomics studies and genomic selection.
Figure 1. The multiple alignment of the bovine chromosome 23 sequences extracted from three genome assemblies revealed dif-
ferences in the structure of the BoLA region assembled in three different genome assembly builds
Figure 2. BoLA class IIb. Segment encoding BOLA-DMA is rearranged and inverted in the new assembly relative to the previous 
builds
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Figure 3. BoLA class IIa, class I. Segment encoding BOLA-DQB is rearranged and inverted in the new assembly relative to the pre-
vious builds
CONCLUSIONS
The introduction of novel technologies (e.g. optical 
mapping and long-range sequencing) represent 
significant advantage over the old BAC- and short WGS 
reads-based assembly strategies. The novel strategy is 
especially efficient for assembling of genomic regions 
with inversions, duplications and translocations. 
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